OPTIMISATION OF INTERFACE TEXTURES IN THIN-FILM SILICON SOLAR CELLS AIDED BY THREE-DIMENSIONAL OPTICAL MODELLING AND SIMULATIONS by SEVER, MARTIN
 University of Ljubljana 








OPTIMISATION OF INTERFACE TEXTURES IN 
THIN-FILM SILICON SOLAR CELLS AIDED BY 















 Univerza v Ljubljani 








OPTIMIZACIJA HRAPAVOSTI SPOJEV V 
TANKOPLASTNIH SILICIJEVIH SONČNIH CELICAH 
S TRIDIMENZIONALNIM OPTIČNIM 















 Na prvem mestu se zahvaljujem mojemu mentorju prof. dr. Janezu Krču, ki me je na 
poti doktorskega študija uspešno vpeljeval in vodil skozi nova področja, delil svoje obširno 
znanje in me navdihoval z izvirnimi idejami in pogledi na tematiko. Hvaležen sem za izkazano 
zaupanje, podporo, za motiviranje, stremljenje k stalnemu znanstvenemu napredku, za večno 
vedrino in timski duh. Vse najine razprave bom za vedno nosil s seboj. 
 Iskrena zahvala gre prof. dr. Marku Topiču, predstojniku Laboratorija za fotovoltaiko 
in optoelektroniko, ki mi je omogočil, da uresničim željo po nadaljnjem izobraževanju in me 
odprtih rok sprejel v svojo skupino. S svojim širokim znanjem mi je odpiral nova obzorja, z 
izkazanim zaupanjem, nasveti in opombami ter vključevanjem v mednarodno raziskovalno 
sfero pa prispeval tako k moji raziskovalni kot tudi k osebnostni rasti. 
 I sincerely acknowledge Prof. Dr. Miro Zeman from PVMD group, TU Delft, for 
guiding and supporting me during my three-month stay in the Netherlands and providing an 
opportunity for me to gain important experience in the field of my work. I would like to thank 
Assoc. Prof. Dr. Olindo Isabella, Assoc. Prof. Dr. R. A. C. M. M. van Swaaij and Dr. Ir. 
Rudi Santbergen for guidance and fruitful discussions during my stay. My gratefulness goes 
also to other members of the PVMD group who took time to share their knowledge and 
friendship. 
 I acknowledge all of the co-authors of the presented papers for their valuable support 
and contributions to this work. Additional acknowledgments are given at end of each paper. 
 Zahvaljujem se članom LPVO za vse prijetne trenutke preživete v vaši družbi ter za 
vse nasvete in modrosti, ki ste jih delili z mano. Skupaj smo rešili marsikak problem in v času 
skupaj postali več kot le sodelavci. 
 Iz srca se zahvaljujem svojim staršem, bratu in sestrama za vzpodbudne besede in 
podporo v vseh letih izobraževanja in pa dragi Tamari za neomajno in nesebično podporo, 




 In order to increase the efficiency of thin-film silicon solar cells, different light 
management techniques play an important role. Reducing the loss of the light due to the 
reflection from the cell and absorption in supportive layers, as well as increasing average length 
of the path of photon through active layers, can significantly improve optical properties of the 
devices, i.e. increase generated photocurrent of the device. If such effect is achieved without 
compromising electrical properties of the device, the efficiency is increased.  
 Common way to improve light absorption in thin-film solar cells is by introducing nano- 
or micro- sized features into the cell, which scatter the light and improve absorption. These 
features can be introduced in the form of particles or textured interfaces. Design and initial 
optimisation of these features can be efficiently performed by means of optical modelling and 
simulation. In the scope of this dissertation we will focus on textured interfaces of two types; 
random textures achieved by natural growth or by acid etching of certain transparent conductive 
oxides and synthetic periodic textures. 
 In the first paper, systematic optical optimisation of introduced textures in thin-film 
silicon solar cells is presented. Bottom-up approach is used to optimise size of initially simple 
sinusoidal texture and then additionally alter its shape to furthermore improve the 
characteristics of the analysed thin-film silicon solar cell. Top-down approach is used to analyse 
Fourier spectrum of a chosen random texture and systematically reduce the number of 
sinusoidal components forming the texture in order to furthermore improve already good optical 
properties of these textures. 
 In optical modelling an assumption has often been that initial texturing of the substrate 
surface ideally conformably transforms onto the remaining interfaces of a thin-film solar cell 
during the deposition of layers. Study of cross-sectional images of cells, however, shows that 
this is not the case. In order to achieve accurate results of simulations, this effect should be 
considered in optical modelling, therefore predicting of the change in the morphology is of great 
importance. Such model of non-conformal layer growth was therefore developed and is 
presented in the second paper. 
 Deposition of thin-film silicon layers onto surfaces that include narrow valleys was 
previously shown to lead into occurrence of defective regions, which can significantly 
deteriorate electrical properties of the solar cells and negate potential increase of the efficiency 
due to the optical improvements. Since the morphology of the textures changes during the 
deposition, analysis of the initial texture is not enough to guarantee a defect-less growth of 
layers. Therefore, the model of layer growth was used to trace the morphology of the textures 
throughout the deposition, and form a profile of defective regions. With this, all textures 
predicted to lead to occurrence of defective regions can be omitted in the phase of design, rather 
than in the phase of experimental trials. The procedure of defective region prediction is 
presented in the third paper. 
 While optical modelling and simulations provide information about the performance of 
a chosen texture in a particular thin-film solar cell, separate study of a single textured interface 
of the analysed cell can already provide some important information about its optical 
performance in general. One of the ways of characterising the texture is by measuring its 
angular distribution function – distribution of scattered light when the light passes the interface. 
Measurements are only easily available in air and in far-field region, although for performance 
in thin-film solar cells, it seems more meaningful to study distribution in silicon layers and at 
closer distances from the interface (as is the case in the thin-film cells). Therefore modelling of 
distribution of light is of great importance. In the last part of the doctoral dissertation, we present 
a model for determination of light scattering on different optical structures (devices) at arbitrary 
distance and material.
 Razširjeni povzetek 
 Leta 1839 je francoski znanstvenik Edmund Becquerel eksperimentiral z elektrolitsko 
celico narejeno iz dveh kovinskih elektrod. Odkril je, da nekateri materiali pri izpostavitvi 
sončni svetlobi generirajo šibek električni tok. Pojav je imenoval fotovoltaični efekt. Več kot 
stoletje kasneje, leta 1954, je bil v Bellovih laboratorijih izdelan prvi prototip sončne celice, ki 
je bil narejen iz silicija. S tem se je začela prava doba sončnih celic. Najprej so bili izkoristki 
pretvorbe relativno nizki in cena proizvodnje visoka. Večina sredstev za raziskave je sprva 
izvirala s področja razvoja vesoljskih aplikacij, saj so sončne celice že tedaj prekašale 
konkurenco v razmerju generirane moči in njihove teže. Energetska kriza v 70-ih letih je dala 
nov zagon raziskavam na področju fotovoltaike kot alternativi fosilnim gorivom. Fotovoltaika 
ni bila več namenjena zgolj uporabi v vesoljskih aplikacijah, ampak je postala svetla prihodnost 
za splošno produkcijo električne energije. Od takrat, še posebno od konca 90-ih naprej, so 
sončne celice predmet stalnih in intenzivnih raziskav, ki vsako leto vodijo v višje izkoristke 
pretvorbe in nižje stroške proizvodnje. Do leta 2014 je moč postavljenih fotovoltaičnih 
elektrarn na svetu že okrog 185 GWp in v Sloveniji okrog 257 MWp. Največji proizvajalec 
fotonapetostnih modulov je Kitajska. 
 Želja po znižanju stroškov in posledično cen sončnih celic je vodila v razvoj novih 
tehnologij, med katerimi so tudi tankoplastne sončne celice [1]. Te so večinoma izdelane z 
nizko-temperaturnimi procesi (< 250°C) in sestavljene iz več plasti, ki so veliko tanjše (celo do 
1000x) od tistih v konvencionalnih kristalnih silicijevih sončnih celicah. Obe ti lastnosti 
tankoplastne tehnologije ustvarjata potencial za znižanje stroškov proizvodnje v primerjavi s 
konvencionalnimi rešitvami. Nizko-temperaturni postopki nanosa tankih plasti omogočajo 
uporabo bodisi togih steklenih substratov, ali pa upogljivih plastičnih ali jeklenih folij. Obe 
izvedbi tankoplastnih sončnih modulov imata velik potencial za integracijo direktno v zunanje 
stavbne površine v obliki kritine ali fasadnih elementov (ang. building integrated photovoltaics 
– BIPV). Za cenejšo izdelavo tankoplastnih upogljivih fotovoltaičnih modulov na velikih 
površinah je bila razvita tako imenovana »roll-to-roll« tehnologija [2]. 
 Materiali, ki gradijo aktivne plasti v anorganskih tankoplastnih sončnih celicah navadno 
temeljijo na amorfnih, mikrokristalnih (nanokristalnih) in polikristalnih materialih, s širokim 
naborom možnih energijskih rež (EG), ki določajo mejo absorpcije. Sončne celice iz 
hidrogeniranega amorfnega silicija (a-Si:H), hidrogeniranega mikrokristalnega silicija (μc-
Si:H), spojin na bazi halkopiritov (Cu(Inx,Ga1-x)Se2 – CIGS), kadmijevega telurida (CdTe) in 
galijevega arzenida (GaAs) so glavni predstavniki anorganskih tankoplastnih sončnih celic. 
Veliko raziskav je namenjeno tudi iskanju še cenejših rešitev v obliki elektrokemijskih [3] in 
organskih [4] sončnih celic, v zadnjem času pa veliko obetajo tudi sončne celice na bazi 
perovskitnih materialov [5,6]. 
 Eden glavnih izzivov je torej nadaljnja izboljšava izkoristka pretvorbe fotovoltaičnih 
naprav. Vrhunske kristalne silicijeve sončne celice že dosegajo izkoristke tja do 25,0 %, 
medtem ko rekordna heterospojna celica (HIT) dosega izkoristek 25,6 % [7]. Trenutno najboljše 
tankoplastne sončne celice imajo 11,4 % izkoristek pretvorbe z enim, 12,7 % z dvema in 13,4 
% s tremi spoji [7]. Višji izkoristek dosegajo tankoplastne CIGS celice z rekordom pri 20,5 %, 
CdTe celice pri 21,0 % in GaAs celice z 28.8 % učinkovitostjo [7]. Cena teh materialov pa je 
višja od silicija, katerega naravne zaloge so precej bolj izdatne. Celice na bazi perovskitnih 
materialov so pred kratkim dosegle 20,1 % učinkovitost, pri čemer pa je časovna stabilnost teh 
naprav še vedno velik problem [8].  
 
Upravljanje svetlobe v tankoplastnih sončnih celicah 
 Kljub precej višji absorpciji svetlobe v vidnem delu v amorfnem (a-Si:H) in 
mikrokristalnem (µc-Si:H) v primerjavi z multi/monokristalnim siliciju je debelina aktivnih 
slojev v tankoplastnih celicah premajhna za učinkovito izrabo svetlobe skozi cel valovni 
spekter. Ker so zaradi t. i. Staebler-Wronskega efekta [9] in dokaj nizkega življenjskega časa 
nosilcev naboja debeline plasti omejene, je potrebno absorpcijo izboljšati na druge načine. 
Poleg izboljšanega izkoriščanja spektra sončne svetlobe z uporabo več zaporednih celic z 
različnimi energijskimi režami absorberja in reduciranja optičnih izgub v podpornih slojih, je 
upravljanje svetlobe skozi celico ključnega pomena za izboljšanje učinkovitosti pretvorbe 
celice [10–14]. Upravljanje svetlobe temelji na sipanju svetlobe na majhnih strukturah, velikost 
katerih je primerljiva z valovno dolžino (ali nekajkratnikom valovne dolžine). Rezultat je 
nadaljnje širjenje svetlobe pod kotom, kar podaljša povprečno dolžino, ki jo foton prepotuje 
skozi absorber. Optična debelina celice se tako efektivno poveča, medtem ko dejanska debelina 
ostane enaka. Dodatno k podaljšanju poti lahko pripomore tudi prikladna kombinacija lomnih 
količnikov transparentnih prevodnih oksidov na obeh straneh celice in samega silicija, ki 
omogoči zadostitev pogoja totalnega notranjega odboja. Rezultat podaljšane poti je povišana 
absorpcija in tok sončne celice, kar direktno vpliva tudi na izkoristek pretvorbe. Strukture za 
sipanje svetlobe so navadno v obliki nano-delcev ali nano-/mikro-tekstur. Čeprav so kovinski 
nano-delci zelo učinkoviti pri sipanju svetlobe, pa njihova uporaba terja dodatno parazitno 
 absorpcijo [15–17]. Oba efekta je težko razklopiti, zato končno izboljšanje celice navadno ni 
izdatno. Boljše rezultate je moč doseči z uporabo dielektričnih nano-delcev za zadnje odbojnike 
v obliki belih barv ali folij [11,18,19]. Ti sicer učinkovito sipajo svetlobo, a so navadno zelo 
slabi prevodniki. 
 Drugi način za dosego sipanja svetlobe je vnos nano-/mikro-tekstur na spoje sončnih 
celic. Navadno se teksture aplicira direktno na superstrate/substrate, na katere se nato nanese 
sloje sončne celice. Med nanosom se tekstura prenese na preostale spoje. Teksturiranje spojev 
celici tudi zniža odboj svetlobe na sprednjih spojih, kar dodatno zviša generirani tok [20,21]. 
Velik izziv predstavlja načrtovanje, izbor in izdelava inovativnih tekstur, ki bi čimbolj zvišale 
foto-generirani tok in obenem ohranjale ali celo izboljšale električne lastnosti celice (polnilni 
faktor, napetost odprtih sponk). V ta namen se veliko uporabljajo kar naključne hrapavosti 
nekaterih materialov (navadno transparentni prevodni oksidi), ki so lahko posledica naravne 
rasti ali/in pa dodatnega jedkanja [22–26] teh materialov. V zadnjem času se čedalje bolj 
uveljavljajo tudi sintetične periodične teksture [11,27–34], ki bi lahko s primerno optimizacijo 
celo prekosile že tako dobre optične lastnosti najbolj priznanih naključnih tekstur [35]. V 
doktorski disertaciji se posvečamo raziskavi obeh tipov tekstur ter razvoju in izboljšavi 
modelov za tako raziskavo. 
 
Optično modeliranje in simulacije 
 Pri razvoju visoko učinkovitih tankoplastnih sončnih celic je potrebno upoštevati 
številne med seboj povezane efekte, ki jih je zelo težko ovrednotiti analitično ali 
eksperimentalno. Moč optičnega modeliranja leži v predvidevanju vpliva, ki ga bo sprememba 
v dejanski sončni celici imela na njeno delovanje. To nam omogoča, da izdelamo in 
okarakteriziramo le celice izbranega dizajna. Tak pristop je veliko hitrejši in cenejši od 
optimizacije zgolj preko eksperimentiranja, poleg tega pa nam modeliranje odpre vpogled tudi 
v drugače nedostopne veličine (npr. parazitna absorpcija v posameznih slojih, kotna 
porazdelitev sipane svetlobe na notranjih spojih sončne celice).  
 V sklopu te doktorske disertacije smo se za reševanje Maxwellovih enačb, na katerih 
stoji teorija elektromagnetnega valovanja svetlobe, posluževali metode končnih elementov, 
(ang. finite element method – FEM) [36] oz. programskega paketa COMSOL Multiphysics 
[37], v katerem je tako reševanje implementirano. Prednost reševanja razširjanja svetlobe z 
metodo končnih elementov je v poljubni obliki diskretizacije strukture in enostavnem vnosu 
realnih (izmerjenih) kompleksnih optičnih lastnosti materialov. Dočimer so se optične 
simulacije v preteklosti opravljale predvsem v 1-D [38–40] in 2-D [29,32] prostoru, pa so v 
zadnjem času računalniki postali tako zmogljivi, da so tudi 3-D simulacije postale časovno 
sprejemljive. Sedaj lahko torej optične strukture modeliramo v celoti in testiramo tudi efekte 3-
D struktur. Kljub temu pa ostajajo v nekaterih primerih tudi 1-D in 2-D simulacije 
nepogrešljive.  
 V doktorski disertaciji sta predstavljena dva načina sistematične optimizacije nano-
tekstur v sončnih celicah; princip od spodaj navzgor in princip od zgoraj navzdol.  
 
Optimizacija periodičnih tekstur po principu od spodaj navzgor 
 Vpeljava periodičnih tekstur v spoje sončnih celic izkazuje velik potencial za učinkovito 
sipanje svetlobe. Da bi dosegli visok izkoristek pretvorbe, morajo biti te teksture primernih 
velikosti in oblik. V doktorski disertaciji smo izhajali iz preproste periodične sinusne teksture. 
Sprva je bila narejena 3-D optimizacija lateralnih in vertikalnih dimenzij preprostih sinusnih 
tekstur, saj prejšnje 2-D simulacije kažejo na potencial teh tekstur za učinkovito ujetje svetlobe 
[27,41,42]. Nato smo optimiziranim teksturam spreminjali še obliko (od preproste oblike k bolj 
kompleksnim – od spodaj navzgor) z željo po dodatno izboljšanem izkoristku pretvorbe sončnih 
celic. Rezultati optimizacije so predstavljeni v prvem delu znanstvenega članka v podpoglavju 
2.1 [43]. V luči napovedovanja defektnih območij (glej spodaj) je dodatna analiza opravljena 
tudi na koncu znanstvenega članka v podpoglavju 2.3 [44]. 
 
Optimizacija naključnih tekstur po principu od zgoraj navzdol 
 Trenutno najbolj pogosto uporabljani substrati z naključnimi teksturami izkazujejo zelo 
dobre lastnosti sipanja svetlobe, a dopuščajo nadaljnje izboljšave. Modifikacija že tako dobrih 
tekstur bi lahko vodila v še višji foto-generirani tok v sončni celici. 
Dosedanje raziskave so pokazale, da se lahko z modifikacijo naključnih tekstur nadalje izboljša 
absorpcijo v celici [45]. V frekvenčnem prostoru so naključne teksture predstavljene s širokim 
naborom sinusnih komponent. Vse te pa najverjetneje niso koristne za delovanje celice. Pri tem 
pristopu smo izhajali iz naključne teksture, ki smo ji nato sistematično reducirali frekvenčne 
komponente (princip od zgoraj navzdol), z željo, da bi še izboljšali že tako dobre optične 
lastnosti izhodiščne teksture. Izboljšave smo testirali s 3-D optičnimi simulacijami. Rezultati 
optimizacije so predstavljeni v drugem delu znanstvenega članka v podpoglavju 2.1 [43]. 
 Model za določanje realistične rasti tankih plasti na nano-hrapavih substratih 
 Pri nanosu tankoplastnih sončnih celic na nano-teksturirane substrate ali superstrate se 
izhodiščne teksture delno prenesejo na notranje spoje sončne celice. V optičnem modeliranju, 
se pogosto posploši, da se te teksture prenesejo v celoti [31–33,46,47], brez sprememb v obliki. 
Presečne slike dejanskih sončnih celic kažejo, da temu navadno ni tako [48–50]. Morfologija 
spojev nad nanesenimi plastmi je pogosto zglajena. Da bi pravilno napovedali vpliv tekstur na 
izhodne parametre sončne celice, moramo ta efekt v optičnih simulacijah upoštevati. V 
preteklosti je bilo že razvitih nekaj metod za upoštevanje tega efekta, bodisi za specifično 
situacijo (npr. le za mikrokristalno plast [51]) ali pa v splošnem [34,52]. Te rešitve pa bodisi 
niso uporabne za generalno situacijo, ali pa so preveč komplicirane za enostavno vključitev v 
optično modeliranje. Zato je bil naš cilj razvoj modela, ki bi omogočal učinkovito 
napovedovanje sprememb oblike teksture, ko na izhodiščno teksturo s poljubno metodo 
nanesemo poljuben material, a je dovolj enostaven za preprosto integracijo v optične modele in 
simulacije. Model je predstavljen v znanstvenem članku v podpoglavju 2.2 [53]. 
 
Napovedovanje pojava defektnih območjih v plasteh tankoplastnih silicijevih sončnih 
celic 
 Nadalje je bil zgornji model uporabljen za študijo vpliva oblike izhodiščnih tekstur na 
pojav izrazito ostrih dolin v spreminjajoči-se morfologiji tekstur med nanosom plasti. Teksture, 
ki take doline vsebujejo, so glavni razlog za nastanek defektnih območij v tankoplastnih 
silicijevih sončnih celicah. Ker ta območja povzročijo poslabšanje električnih lastnosti sončnih 
celic, je pomembno, da se takim teksturam izognemo oz. jih opustimo že v fazi modeliranja. 
To predstavlja pomemben vidik modeliranja, ki je bil v preteklosti zanemarjen, čeprav direktno 
vpliva na učinkovitost pretvorbe sončnih celic. Metodologija napovedovanja pojava defektnih 
območij in optimizacija tekstur z upoštevanjem tega aspekta sta predstavljena v znanstvenem 
članku v podpoglavju 2.3 [44]. 
 
Model za izračun funkcije kotne razporeditve (ADF) sipane svetlobe 
 Optoelektronske naprave pogosto okarakteriziramo s funkcijo kotne porazdelitve (ang. 
angular distribution function – ADF) izsevane svetlobe ali svetlobe, ki se sipa na notranjih 
strukturah. Študija oblike ADF-a nam pomaga razumeti pojave, ki se dogajajo znotraj naprave 
in nam podaja pomembne smernice za izboljšave naprav. Čeprav ADF lahko merimo s sistemi 
za merjenje kotne porazdelitve intenzitete svetlobe [54–56], pa te meritve lahko (enostavno) 
opravimo le v zraku in v daljnem polju. Zato je modeliranje ADF-a direktno z optičnih lastnosti 
materialov in strukture naprave toliko bolj pomembno, saj nam omogoča dostop do drugače 
nemerljivih podatkov. Nadalje je izračun ADF-a mogoče uporabiti tudi v kombinaciji z 1-D 
modeliranjem, kar omogoča hitro pridobitev dokaj natančnih rezultatov simulacij [38,40,57]. 




 IZVIRNI PRISPEVKI K ZNANOSTI 
 
Ocenjujemo, da pričujoča doktorska disertacija vsebuje naslednje prispevke k znanosti: 
 
1. Razvoj kombiniranega modela za določevanje realistične rasti tankih plasti na 
nano-hrapavih substratih. 
Z modelom je moč napovedati obliko notranjih spojev na podlagi izhodiščne teksture 
substrata/superstrata. Opisana je metodologija za kalibracijo modela. Uporaba modela 
v optičnih simulacijah pomembno izboljša natančnost rezultatov simulacij in pravilnost 
optimizacije. 
 
2. Napovedovanje pojava defektnih območij v tankoplastnih sončnih celicah. 
S kombiniranim modelom rasti plasti je moč napovedati pojav defektnih območij v 
tankoplastnih sončnih celicah, ki direktno negativno vplivajo na električne lastnosti 
sončnih celic in posledično izkoristek. To omogoča, da teksture, ki v defektna območja 
vodijo, opustimo že v fazi načrtovanja in optimizacije. S tem se optičnim simulacijam 
doda novo vrednost in upošteva efekt, ki je bil do sedaj zanemarjen. 
 
3. Razvoj 3-D optičnega modela za izračun funkcije razporeditve sipanja svetlobe s 
3-D rigoroznimi simulacijami. 
Razvit je bil 3-D model za izračun razprševanja svetlobe na poljubnih optičnih 
strukturah. Model omogoča analizo porazdelitve sipanja svetlobe na poljubni 
oddaljenosti (tudi študija bližnjega polja) in v poljubnem materialu. Porazdelitev 
svetlobe je lahko določena na sferi (kot pri meritvah ADF) ali pa na drugače izbranem 
območju. Ovrednoten je tudi proti-odbojni efekt struktur. Model omogoča pomemben 
vpogled v optične lastnosti struktur in lahko uspešno konkurira meritvam. Moč ga je 
uporabiti za izboljšanje natančnosti 1-D simulacij.  
 
4. Optimizirane teksture na spojih tankoplastnih sončnih celicah za doseganje 
visokih izkoristkov. 
Za iskanje hrapavosti, ki generira visoke izkoristke pretvorbe v tankoplastnih silicijevih 
sončnih celicah, sta bila uporabljena pristopa od spodaj navzgor (za periodične) in od 
zgoraj navzdol (za naključne teksture). Rezultat obeh načinov optimizacije so teksture, 







Abstract .......................................................................................................... vii 
Razširjeni povzetek .......................................................................................... v 
Content........................................................................................................... xiii 
List of symbols and constants ........................................................................ xv 
List of abbreviations ...................................................................................... xix 
 
1. Introduction ....................................................................... 1 
1.1 Short overview of photovoltaics ............................................................................... 1 
1.2 Thin-film silicon solar cells ....................................................................................... 2 
1.3 Light utilisation and management ........................................................................... 5 
1.4 Parameters of the solar cells and illumination ........................................................ 8 
1.5 Parameters of the interface textures ...................................................................... 12 
1.6 Optical modelling and simulations ......................................................................... 14 
1.6.1 Light management through the eyes of optical modelling ................................... 15 
1.7 Aims of the doctoral dissertation ........................................................................... 18 
1.7.1 Bottom-up an top down approach for optimisation of nano-textured interfaces .. 19 
1.7.2 Model of realistic growth of thin-layers on nano-textured substrates .................. 20 
1.7.3 Prediction of defective layers formation within layers of thin-film solar cells ..... 20 
1.7.4 Model of light scattering above optical structures............................................... 21 
 
2. Scientific papers .............................................................. 23 
2.1 The two approaches of surface-texture optimization  
 in thin-film silicon solar cells .................................................................................. 25 
2.2 Combined model of non-conformal layer growth  
 for accurate optical simulation of thin-film silicon solar cells .............................. 35 
2.3 Prediction of defective regions in optimisation of surface textures  
 in thin-film silicon solar cells using combined model of layer growth .................. 45 
2.4 Rigorous modelling of light scattering in solar cells  
 based on coupling the finite element method and Huygens’ expansion................ 57 
  
3. Conclusion ....................................................................... 83 
3.1 General conclusions ................................................................................................ 83 
3.2 Outlook.................................................................................................................... 84 
3.3 Summary of original scientific contributions ........................................................ 85 
Bibliography ................................................................................................... 87 




 List of symbols and constants 
 
̿ܩ  dyadic Green’s function 
ത݊  complex refractive index 
̅ݎ  position of a point 
A  relative absorption/absorptance 
ACL [nm] autocorrelation length 
ADFR  ADF of the reflected scattered light 
ADFT  ADF of the transmitted scattered light 
Ai  absorptance in intrinsic layer 
c [m/s] speed of light in vacuum (299 792 458 m/s) 
d [nm] thickness of layer 
dc [nm] critical thickness 
di [nm] thickness of the intrinsic layer 
dj [nm] joint thickness 
E [V/m] electric field strength 
EG [eV] energy band gap 
EQE  external quantum efficiency 
EQEbot  external quantum efficiency of the bottom cell 
EQEtop  external quantum efficiency of the top cell 
f [nm-1] frequency 
f  function of a signal 
fc [nm-1] corner/cut-off frequency 
FF  fill factor 
fx [nm-1] frequency in direction x 
fy [nm-1] frequency in direction y 
 g  growth parameter 
g  scalar Green’s function 
g  aperture function 
h [Ws2] Planck’s constant (6.626·10-34 Ws2) 
h [nm] peak-to-peak height 
H [A/m] magnetic field strength 
Haze  haze 
I  relative intensity of light 
IINC  relative intensity of incident light 
J [mA/cm2] current density 
JMPP [mA/cm2] current density in the point of maximum power 
JSC [mA/cm2] short-circuit current density 
JSC TOP [mA/cm2] short-circuit current density of the top cell 
JSC BOT(TOM) [mA/cm2] short-circuit current density of the bottom cell 
JSL [mA/cm2] available current density lost in the supportive layers 
JR [mA/cm2] available current density lost due to the reflection 
k  
imaginary part of the complex refractive index, extinction 
coefficient 
k [rad/m] wavenumber 
n  normal unit vector 
N  number of slits 
nRe  real part of the complex refractive index 
P [nm] period 
P [W/m2] time-averaged optical power per unit area 
pc [nm] critical position 
Pc [nm] corner/cut-off period  
Pd [W/cm2] power per unit area 
 PINC [W/cm2] incident power per unit area 
PMPP [W/cm2] power per unit area in maximum power point 
Px [nm] period in x direction 
Py [nm] period in y direction 
q [As] elementary charge (1.602·10-19 As) 
R  relative reflection/reflectance 
RDIFF  diffuse reflectance 
RSPEC  specular reflectance 
RTOT  total reflectance 
s  scaling factor 
s  widening parameter, power factor 
S  Huygens’ surface 
T  relative transmission/transmittance  
TDIFF  diffuse transmittance 
TSPEC  specular transmittance 
Tsub [°C] substrate temperature 
TTOT  total transmittance 
V [V] voltage 
V  Huygens’ volume 
VMPP [V] voltage in the point of maximum power 
VOC [V] open-circuit voltage 
w  widening parameter, power factor 
W [nm] width of a slit 
x, y  lateral dimensions 
z  vertical dimension 
δ  error/deviation 
 ε  [As/Vm] permittivity 
η [%] energy conversion efficiency 
ϴ [°] scattering angle – deviation from the normal direction 
λ [nm] wavelength of light in vacuum 
λeff [nm] wavelength of light in medium 
μ [Vs/Am] permeability 
σRMS [nm] root-mean-square roughness 
φ [°] opening angle 
ϕ [°] azimuthal scattering angle 
φc [°] critical opening angle 
ω [rad/s] angular frequency 
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1-D  one-dimensional 
2-D  two-dimensional 
3-D  three-dimensional 
ABC  absorbing boundary condition  
ADF  angular distribution function 
AFM  atomic force microscopy 
Ag  silver 
AM 0/1   air mass 0/1 solar spectrum 
AM 1.5G/D  air mass 1.5 global/direct solar spectrum 
AP-CVD  air-pressure chemical vapour deposition 
ARS  angular resolved spectroscopy 
a-Si:H  hydrogenated amorphous silicon 
AZO, ZnO:Al  aluminium-doped zinc oxide 
BIPV  building-integrated photovoltaics 
BR  back reflector 
BZO, ZnO:B  boron-doped zinc oxide 
CAD  computer-aided design 
CdTe  cadmium telluride 
CIGS, Cu(Inx,Ga1-x)Se2
 copper indium gallium diselenide 
CO2 
 carbon dioxide 
CVD  chemical vapour deposition 
DC  direct current 
DSSC  dye-sensitised solar cell 
EVA  ethylene-vinyl acetate 
 FDTD  finite differences time domain (method) 
FEM  finite element method 
FIT  finite integration technique 
FT  Fourier transform 
FTO, SnO2:F 
 fluorine-doped tin oxide 
GaAs  gallium arsenide  
H2 
 molecular hydrogen 
H2O 
 water 
HF  high frequency (region) 
HIT  heterojunction with intrinsic thin layer 
i, p, n  intrinsic, p-doped, n-doped layer 
IOH, In2O3:H 
 hydrogen-doped indium oxide 
ITO, SnO2:In 
 indium-doped tin oxide 
LF  low frequency (region) 
LP-CVD  low-pressure chemical vapour deposition 
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NSOM  near-field scanning optical microscopy 
PEC  perfect electric conductor 
PE-CVD  plasma-enhanced chemical vapour deposition 
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PMC  perfect magnetic conductor 
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TE  transverse electric polarisation 
TEM  transmission electron microscope 
TFSSC  thin-film silicon solar cells 
TIS  total integrating scattering 
TM  transverse magnetic polarisation 
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 1. Introduction 
1.1 Short overview of photovoltaics 
 In the 1839 French scientist Edmund Becquerel, while experimenting with an 
electrolytic cell made up of two metal electrodes, discovered that exposing certain materials to 
the sunlight generates a weak electrical current. He named the phenomenon the photovoltaic 
effect. More than a century later, in 1954, the first solar cell prototype device based on silicon 
was created in the Bell laboratories, starting the era of the solar cells. At first, solar cell 
production price was relatively high. The most funds for the research in the first years came 
from the space applications, since solar cells already then outperformed all of the competition 
in power-to-weight ratio. Energy crisis of the 1970’s gave additional propulsion to the solar cell 
research as an alternative to the fossil fuels. Photovoltaics was no longer just a space 
application, but a promising future for the energy production. Since then, especially from the 
late 1990’s onwards, solar cells are continuously and intensively being researched, bringing 
ever-higher conversion efficiencies and lower prices to the photovoltaic (PV) market. By 2014 
around 185 GWp PV plants has been installed worldwide and around 257 MWp in Slovenia. 
Currently, China is the main producer of the PV modules.  
 The struggle to bring down the costs of solar cells has resulted in new technologies of 
solar cells. Among them, thin-film solar cell technology have presented a promising solution 
[1]. In comparison to conventional wafer based crystalline silicon solar cells, thin-film solar 
cells are made of much thinner absorbers (up to 1000x) and can be made using low-temperature 
processes (< 250°C). Both of these properties give them potential to bring down the cost in 
comparison to conventional technology. This is, however, a great challenge due to the low 
current prices of conventional PV products. Furthermore, low-temperature deposition processes 
and application of thin-layers enable the use of rigid glass substrates or also flexible plastic/steel 
foils, giving the technology a significant advantage for use in building integrated photovoltaics 
(BIPV) as well. In addition, less costly large-area roll-to-roll technology can be used in 
production of flexible PV modules [2]. 
 Materials used as active layers in inorganic thin-film solar cells are typically based on 
amorphous, microcrystalline (nanocrystalline) and polycrystalline materials which come in a 
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wide range of available energy band gaps (EG), determining absorption edge. Solar cells made 
of hydrogenated amorphous silicon (a-Si:H), hydrogenated microcrystalline silicon (μc-Si:H), 
chalcopyrite-based compounds (Cu(Inx,Ga1-x)Se2 – CIGS), cadmium telluride (CdTe) and 
gallium arsenide (GaAs) are the main representatives of the inorganic thin-film solar cells. The 
development in thin-film solar cells is also going in the direction of even cheaper solutions, in 
this respect dye-sensitised solar cells (DSSC) [3] and organic solar cells [4] are investigated. 
Recently, solar cells based on perovskite materials have been given a lot of attention and have 
shown a great promise for the future [5,6]. 
 As mentioned, one of the key challenges is to increase the conversion efficiency of the 
PV devices furthermore. State-of-the-art crystalline silicon solar cells already reach efficiencies 
of 25.0% and recently heterojunction (HIT) solar cells reached efficiencies of 25.6% [7]. 
Currently best thin-film silicon solar cell achieved stabilised efficiency of 11.4% for single, 
12.7% for double and 13.4% for triple junction solar cell [7]. Higher efficiencies can be reached 
with thin-film CIGS, CdTe and even GaAs solar cells, peaking at 20.5%, 21.0% and 28.8% 
efficiency, respectively [7]. The cost of these materials is, however, higher than the one of the 
abundant silicon. Finally, perovskite-based solar cells recently achieved 20.1% efficiency, 
although the stability is still a big issue [8]. In order to compete with conventional technologies 
it is essential to increase efficiency of thin-film devices above 15%, which is also a topic of this 
doctoral dissertation. 
 In the recent years, a lot of attention has also been given to combination of different 
technologies to form a single device, where thin-film technologies have played an important 
part. Among them is the aforementioned heterojunction cell combining wafer-based and thin-
film silicon technology.  
1.2 Thin-film silicon solar cells 
 Besides suitability for combination with other technologies, several other positive 
properties of thin-film silicon technology can be pointed out. The drop of the efficiency from 
the cell to the module device is the lowest for thin-film silicon when compared to other 
technologies [7,58]. Thin-film silicon technology is also a good platform for developing and 
testing new concepts, which can then be transferred to other technologies. Thin-film silicon 
technology is also extremely well suited for building integrated photovoltaics (BIPV). The price 
per m2 of thin-film silicon modules is the lowest of all competing technologies, going even 
below the price of the cladding alone. Flexible modules and advanced front glasses which 
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enable trimming of the colour from nearly black through red to even white [59] furtherly expand 
the array of options that can be utilised to combine modern architectural design with power 
generation. However, efficiency of the thin-film silicon solar cells must be furtherly improved 
to compete in global market. 
 Two types of silicon form are most used in the thin-film silicon solar cells (TFSSCs); 
amorphous (a-Si:H) and microcrystalline (µc-Si:H, also called nanocrystalline) [1].  
Amorphous silicon exhibits the least amount of crystallinity – only amorphous phase, while 
microcrystalline silicon also consists of crystalline phase grains. Amorphous and 
microcrystalline silicon also exhibit different direct band gaps than conventional 
(monocrystalline and multicrystalline) types of silicon (ܧୋ ≈ 1.75	eV for a-Si:H and ܧୋ ≈
1.15	eV for the µc-Si:H) and consequently optical properties. Thin-film silicon exhibits much 
higher absorption coefficient in the visible range than the crystalline silicon. Therefore, much 
thinner layers are sufficient for complete absorption of light (approx. 1 µm for a-Si:H). 
Unfortunately, even these thicknesses must be furthermore reduced to enable efficient 
extraction of charge carriers and to avoid (or at least mitigate) light-induced degradation, the 
so-called Staebler-Wronski effect [9], which becomes stronger with increased thickness of the 
layers. This effect is especially pronounced for a-Si:H but is to a much lesser extent also 
influencing µc-Si:H. The thicknesses of a-Si:H cells are therefore kept bellow 300 nm. In the 
case of µc-Si:H the charge carrier lifetime becomes a problem when increasing the thickness 
above  3 µm. Due to these limitations light management techniques became of great importance 
in order to achieve high efficiency of thin-film silicon solar cell devices. 
 The structure of the thin-film cells differs from the typical pn junction, which is the 
skeleton of the conventional types of solar cells. Since the charge carrier lifetime in the doped 
layers is short, intrinsic layer is placed in between to form pin junction. p and n layers generate 
an internal electric field throughout the entire i layer, which is used as an absorber. 
 The deposition of thin-film silicon layers is typically done by plasma-enhanced 
chemical vapour deposition (PE-CVD). Silane (SiH4), molecular hydrogen (H2) and other 
gasses are introduced into the reaction chamber and exposed to the plasma. Decomposition then 
takes place, resulting in deposition of neutral and ionised components onto the substrate surface. 
The ratio between different gasses, background pressure, radio frequency and the temperature 
settings of the deposition can be adjusted to tune the physical properties (e.g. crystallinity, 
doping and band gap) of the deposited layer and the deposition rate [60]. Therefore, PE-CVD 
can be used to deposit p, i and n layers of amorphous and microcrystalline silicon. Hydrogen is 
4 Chapter 1 
introduced into the material during the procedure to enable passivation of the many dangling 
bonds caused by the amorphous phase presence. Furthermore, introduction of oxygen into 
doped silicon layers has also shown to modify both their electrical and optical properties 
[61,62]. 
 Since the conductivity of the doped thin-film layers is low, transparent conductive 
oxides (TCOs) are deposited on both sides of the cell, to form front and back contacts. Some of 
the commonly used TCOs deposited by magnetron sputtering are aluminium-doped zinc oxide 
(ZnO:Al, AZO) [22], indium-doped tin oxide (SnO2:In, ITO) and recently, low absorbing 
hydrogen-doped indium oxide (In2O3:H, IOH) [63]. Atmospheric-pressure chemical vapour 
deposition (AP-CVD) is used for deposition of fluorine-doped tin oxide (SnO2:F, FTO) [23] 
and low-pressure chemical vapour deposition (LP-CVD) for boron-doped zinc oxide (ZnO:B, 
BZO) [25]. 
 On the backside, cells are wrapped up with a back reflector (BR) that reflects the 
unabsorbed light back into the cell. Typically, this is done with silver or aluminium layer, with 
physical vapour deposition (PVD) as the method of choice. In the production, metal back 
reflectors are often replaced with white foils or paints [11,18]. Alternative back reflectors are 
also studied, such as photonic crystals [64–66]. 
 Due to the thinness of the thin-film solar cells, a mechanical support layer is needed. 
This is typically the initial layer onto which the remaining layers are then deposited. If the 
fabrication of the cell starts with the back reflector, the support layer is called substrate. This 
can be a non-transmissive material. Such configuration is typically used in fabrication of 
flexible thin-film cells and modules [48]. If the cell fabrication process starts at the front of the 
cell, the initial support layer is called superstrate. Good transmissive properties must be met in 
this case. Typical choice for the superstrate material is glass so these cells are usually rigid. 
Based on the starting layer (and the sequence of the deposited layers), thin-film cell are also 
classified as a substrate or a superstrate type. A typical structure of both is shown in Fig 1.1. 
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Figure  1.1: The structure of a single-junction a-Si:H solar cell in the substrate (left)
and superstrate (right) configuration. The light is incident from the top. 
 
1.3 Light utilisation and management 
 Even an ideal single junction cell can only optimally utilise the energy of a light of a 
single wavelength, corresponding to the energy band gap of the absorber material. With solar 
cells, however, one wishes to utilise the energy of a broad wavelength range of light spectrum. 
If the energy of given photon is above the one of the band gap, the difference in energy is lost 
in form of heat. Although due to the indirect semiconductor nature of the amorphous and 
microcrystalline silicon some light still gets absorbed even if the energy of the light is lower 
than the bandgap of the material, absorption is decreasing significantly with the wavelength, so 
these photons are also not efficiently utilised. In order to improve the solar spectrum utilisation 
and reduce these losses, two or more cells are often joint into a tandem or multijunction device. 
Although principle of tandem stacking has been known for some time now, only in the last 
years it has become one of the most common and effective ways to increase efficiency of the 
thin-film silicon solar cell devices in mass production. 
 For the case of the thin-film silicon solar cells, the most common type of the tandem 
cell is a double junction micromorph solar cell [67,68], comprising a bottom µc-Si:H 
(microcrystalline) and a top a-Si:H (amorphous) cell, utilising the different energy band gaps 
of both materials. While triple junction thin-film silicon cells have been developed with even 
higher efficiencies [7], increasing the number of the cells beyond that does not bring 
improvements for now, largely due to relatively high losses in the numerous supporting layers. 
A lot of work is therefore also dedicated to improving optical and electrical properties of the 
supportive layers. A typical structure of double and triple junction cell in superstrate 
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configuration is shown in Fig 1.2. While µc-Si:H is used for middle cell absorber of the triple 
junction cell in this case (as with the currently record triple junction cell [7]) other materials 
(e.g a-SiGe:H ) are also researched and used. 
 
   
 
 Figure  1.2: The structure of a double and triple cell in superstrate configuration.
Layer thicknesses are not proportional. 
 
 
 Besides efficient spectrum utilisation, the low thickness of the cells and consequently 
low photocurrent is a big issue. While physical increase of the thickness is not beneficial for 
efficiency of the thin-film solar cells, light management techniques are largely used in order to 
improve the absorption within the absorber layers of the cell [10–14]. These methods utilise the 
scattering of the light on small-sized (comparable to the wavelength) features. These scattering 
features can be introduced into the cell in a form of nano-particles or nano-/micro-textures. Part 
of the light is refracted into propagation at an angle leading to longer average path of the photons 
through the active layers, which increases the optical thickness of the device, without changing 
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the actual physical thickness. Furthermore, due to convenient optical properties of silicon and 
TCO layers [40], total internal reflection condition can be met, so additional increase of the 
average path is achieved. These effects of light scattering, reflection and total internal reflection 




 Figure  1.3: Light managing in the absorber layer and the longer path of the light, 
as a result of light scattering (I), reflection at the backside (II), and 
total reflection for high incident angles (III).  
 
 
The longer path of the photons through the active layer results in higher absorption and 
consequently photocurrent. However, since the path of the photon is also longer through the 
supportive layers, losses in these layers increase as well. Therefore, optimisation of the 
supportive layer materials is also of great significance at the same time. 
 Introduced nano-particles can be made of metallic or dielectric materials. Light 
scattering on metallic nano-particles is often called plasmonic scattering [15]. Introduction of 
metal nanoparticles of proper size and shape at a proper location in the solar cell structure can 
efficiently scatter light, but also induces parasitic absorption of the light inside the metal 
nanoparticles [15–17]. Therefore decoupling of both phenomena is of great importance. One of 
the ways to introduce dielectric nanoparticles in thin-film silicon solar cells is in the form of 
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white paint or while foil back reflectors [11,18,19]. These efficiently scatter the light, but have 
usually no or low conductivity. 
 The second common way of achieving light scattering is introduction of nano-textures 
onto the interfaces of the solar cells. This can be done by texturing of the substrate/superstrate 
surface before the deposition of the layers take place. During the deposition, the texturing is 
then transferred onto the subsequent interfaces. Furthermore, nano-texturing (of especially front 
interfaces) also results in improved anti-reflective properties of the cells, providing additional 
gain in the photocurrent [20,21]. Since the scattering features are part of already used layers, 
additional parasitic absorption is limited in this case. However, texturing of the interfaces can 
deteriorate electrical properties of the device (fill factor and open-circuit voltage) if not 
designed properly. It is a great challenge to design and fabricate innovative textures that would 
bring high improvement in photocurrent and at the same time keep or even improve electrical 
parameters of the cell. A part of this work will also address this particular problem. Commonly, 
random textures are used to achieve light scattering, introduced by natural growth and/or 
additional etching of the TCO’s [22–26]. However, periodic textures are also more and more 
investigated recently [11,27–34], with indications, that benefits of introduction of properly 
optimised periodic textures in solar cells can even surpass the ones induced by state-of-the-art 
random textures [35]. In the doctoral dissertation, both types (periodic and random) will be 
studied and new directions in optimisation of the textures will be shown. In last years, 
technologies such as ion beam lithography [69] and interference lithography [70,71] have 
provided means for manufacturing almost arbitrary nano- or micro- textures, which can then be 
transferred onto large PV module areas (squared meters) using UV nano-imprint lithography 
[2,72]. This presents a driving force to study, design, optimise and fabricate new textures, 
outperforming existing state-of-the-art solutions. 
1.4 Parameters of the solar cells and illumination 
 The Sun radiates light of a broad spectrum of wavelengths. Initially, the spectrum is 
close to the one of a black body radiation (see comparison Fig. 1.4). At the top of the 
atmosphere, the measured solar spectrum is denoted as AM 0 (AM – air mass, 0 passes through 
the atmosphere). While passing through the atmosphere, some of the light gets absorbed, 
resulting in a changed solar spectrum [73]. Especially distinct are the dips caused by absorption 
in certain molecules present in the atmosphere (e.g. H2O, CO2).   
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 Figure  1.4: Comparison of the standard solar spectra to the black-body radiation
[74]. The dashed lines show the approximate edges of the visible area.
 
 
Spectrum of the light after passing the atmosphere of the average thickness perpendicularly is 
denoted as AM 1 (air mass, 1 pass through the atmosphere). For the regions where the research 
and installations of the PV was the most extensive lately, the light is incident at an angle. That 
is why a standard for characterisation of the solar cells has become solar spectrum AM 1.5, 
corresponding to the incidence of the light at 48.2° angle (light passes 1.5 times the distance of 
the average thicknesses of the atmosphere). Furthermore, since some of the light also gets 
scattered (e.g. Rayleigh scattering of the blue light), two variations of the spectrum are 
distinguished; AM 1.5G (G – global), considering direct and scattered (diffused) light and AM 
1.5D (D  – direct) considering direct (specular) light only. While AM 1.5G is typically used for 
characterisation of most cells and modules, AM 1.5D is more fitting for characterisation of the 
devices under light concentrating systems (increased radiation per surface by use of lenses or 
mirrors). In this work, AM 1.5G was considered as the illumination spectrum, with assumption 
of perpendicular incidence of the light onto the cell surface, as is the case in standard test 
conditions [74]. 
 Since solar cells are intended to work for a broad spectrum of light, their wavelength 
spectral responses are of great interest. The basic spectral parameter for performance of the 
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solar cells is external quantum efficiency, EQE. The EQE is wavelength dependent and it gives 
the ratio of the flux of the collected photo-generated electrons or holes (number of carriers per 
unit of time, area and wavelength) over the flux of incident photons. The EQE does not include 
the information about the solar spectrum. For most state-of-the-art thin-film silicon solar cells, 
absorptance in intrinsic layer (Ai) can be equalled to EQE [75,76], as is done in this work. This 
approximation, however, cannot be used in general (e.g. in the case of organic cells). An 
example of EQE for an a-Si:H solar cell, determined by considering EQE = Ai is shown in Fig. 
1.5. 
 
 Figure  1.5: An example of the (simulated) EQE curve of a single-junction a-Si:H
solar cell in the substrate configuration. The simulation was 
performed with 3-D FEM, absorber thickness (di) was 250 nm, initial 




 EQE is used to calculate a potential short-circuit current density – JSC that can be 





නܧܳܧ(ߣ) ⋅ ୍ܲ ୒େ(ߣ) ⋅ ߣ ⋅ ݀ߣ ( 1.1) 
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where q, h and c are the elementary charge, Planck’s constant and the speed of light, 
respectively. λ is the wavelength of the light and PINC is the incident power per unit area.  JSC 
is the main appraisal function when studying optical improvements of the solar cells, as the 
improvements in absorption in the active layer directly affect JSC. 
 Open-circuit voltage – VOC and fill factor – FF are furthermore used to determine 
electrical properties of the solar cell. Both are related to the material and interface properties of 
the cell (band gap, recombinations, for FF also parallel and series resistance). The FF gives the 
ratio between the power density in the maximal power point and the product of VOC and JSC – 






 A typical J-V curve of a solar cell is shown in Fig. 1.6 with black curve. The blue line 
shows the power density of the device Pd = J · V. The maximum value of Pd determines the 
point of maximum power, MPP. 
 
 
 Figure  1.6: J-V curve of a solar cell (black line). The FF is determined as the ratio 
between the yellow and the green surface. MPP stands for maximum 
power point. The blue line shows the power density of the device. 
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 ( 1.3) 
PMPP and PINC represent power per unit area. Increase in JSC of the cell therefore directly 
influences efficiency of the solar cell, as long as the VOC and FF remain unchanged.  
1.5 Parameters of the interface textures 
 In thin-film solar cells, the final appraisal of the optical benefit of the introduced nano-
texture is exhibited in the increase of JSC. However, separate study of a single textured interface 
of the analysed cell can already give important information about its optical performance. First 
of all, the (anti-)reflective properties, introduced by the (nano-)texture of an interface are of 
interest. Total transmittance (TTOT) and total reflectance (RTOT) indicate the portion of the light 
that gets transmitted or reflected from the interface, irrespectively of its angular direction. Both 
are wavelength dependant due to the wavelength dependency of the complex refractive indices 
of the adjacent layers (materials) forming the interface and the wavelength dependency of the 
anti-reflective properties of the nanostructures at the interface, in general. Furthermore, the light 
that is transmitted/reflected through/from the interface can be characterised into two groups. 
The light that is continuing its path in the direction corresponding to the Snell’s law for a flat 
interface is called specular light. A portion of the light that gets scattered into the neighbouring 
angles is called scattered or diffused light. The ratio between the diffused and total power is 
called haze parameter (Haze) and can be given for transmitted or reflected light. Sometimes 
the (anti-)reflective properties for solely diffuse or specular light are also of interest, thus diffuse 
transmittance (TDIFF), diffuse reflectance (RDIFF), specular transmittance (TSPEC) and specular 
reflectance (RSPEC) are given in those cases. All these quantities are wavelength dependant. 
Optical situations at flat, randomly textured and periodically textured interface are shown in 
Fig 1.7. IINC denotes the intensity of the incident light. 
  





 Figure  1.7: Scattering of light at different interfaces: I – flat, II – randomly 
textured, III – periodically textured.  
 
While for ideally flat interface no light is scattered, both specular and diffuse light are present 
in transmission and reflection for the textured interfaces. In cases II and III, TTOT comprises 
TDIFF and TSPEC, while RTOT comprises RDIFF and RSPEC. Total integrating scattering (TIS) 
systems are used to measure reflection and transmission of interest. 
 If the light intensity distribution is given as a function of the angle, we talk about angular 
distribution function – ADF of the scattered light. If this is done on the transmissive side, the 
function is denoted as ADFT and as ADFR for the case of the reflective side. In Fig. 1.7 a cross-
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sections of ADF functions are indicated schematically as the shapes of the distribution of the 
diffuse and specular part of the light. In general, 3-D scattering in half space on reflective or 
transmissive side has to be considered. To measure ADF functions angular resolved scattering 
(ARS) systems are used. 
 In addition to the optical properties, statistical properties of the nano-textures are also 
of interest, describing their morphology. One of the most commonly used statistical parameters 
to characterise a random texture is the vertical root-mean-square roughness of the interface 
texture – σRMS. Furthermore, autocorrelation length – ACL – is used to determine lateral 
properties of the texture. When dealing with periodic textures, however, characteristics are 
commonly given by means of the period – P and peak-to-peak height – h. 
 Atomic force microscope (AFM) is often used for acquisition of the surface profile of 
the analysed real nano-textures. When cross-section of a cell or a different image acquisition is 
of interest, scanning electron microscopes (SEMs) or transmission electron microscopes 
(TEMs) are used. 
1.6 Optical modelling and simulations 
 To design a highly efficient thin-film solar cell device one must consider a number of 
interplaying phenomena, which are extremely hard to evaluate analytically or experimentally. 
The main strength of optical simulations is the ability to predict, to what extend a change in real 
solar cell will affect its performance. Furthermore, optical simulations are indispensable tool 
for testing and optimising new concepts. Then fabrication and characterisation can be limited 
only to the cells with the preselected design. Such approach is significantly faster and cheaper 
than experimental trials, while it also enables study of experimentally inaccessible data (e.g. 
absorption in the supportive layers in thin-film cells, angular distribution of the scattered light 
at internal interfaces of a solar cell). 
 Since the layer thicknesses and the feature sizes of the surface textures used in thin-film 
solar cells are close to the wavelengths of light, the occurring phenomena are governed by the 
wave nature of the light, so ray-tracing approach is typically not applicable. In the past, different 
methods and models have been developed for simulation of thin-film solar cells in 1-D space 
[75,76]. In most cases, the scattering of light was described by scalar scattering theory. 1-D 
modelling can provide good approximations of rigorous solutions even for textured solar cells 
if ADF of individual interfaces are well known. Therefore modelling of ADF directly from 
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interface structure (geometry and materials) has also been of interest. A part of this work will 
also address this matter. 
 In recent years, the progress of computer power has come so far, that simulation in 2-D 
and even 3-D space can be performed in reasonable time. Maxwell’s equations [77] describing 
the physics of the oscillating electromagnetic waves are typically the base of the methods used 
in this case. Several methods for solving Maxwell’s equations in different forms have been 
developed with specific advantages, making the choice of the method driven by the type of the 
problem. In the field of the thin-film solar cells, some of the most used methods are finite-
difference time domain (FDTD) method, finite integration technique (FIT) and finite element 
method (FEM) [36]. In the scope of this doctoral dissertation, FEM modelling was used, 
specifically COMSOL Multiphysics [37] simulation software. FEM excels in adjustability of 
discretisation, which is not fixed to a rectangular mesh. Density of the mesh can be spatially 
systematically altered to achieve great accuracy of the calculation while maintaining decent 
simulation times. Furthermore, realistic (measured) optical properties of the materials can be 
easily imported in a form of complex refractive index: 
 ത݊(ߣ) = ݊ோ௘(ߣ) − ݅ ⋅ ݇(ߣ) (1.4) 
which consists of real part nRe (often referred to as the refractive index) and imaginary part k 
(the extinction coefficient). Optical situation in the structures (including metal films or 
particles) can be efficiently simulated by FEM. 
 Different boundary conditions can be used in COMSOL to model infinity in given media 
(absorbing boundary condition – ABC or perfectly matched layer – PML), periodicity and 
symmetry (periodic boundary condition and perfect electric/magnetic conductor – PEC/PMC) 
and to introduce excitation (surface current or lumped port). FEM requires, however, a separate 
simulation for each wavelength of excitation of interest [36]. 
   
1.6.1 Light management through the eyes of optical modelling 
 To demonstrate the power of the 3-D rigorous optical modelling results of a simple 
analysis are shown in Fig. 1.8 and Table 1.1 for the case of a single and double junction thin-
film silicon solar cells in superstrate configuration. Absorptance and reflectance is shown in 
Fig. 1.8 for three cases: I – a-Si:H cell with flat, non-textured interfaces, II – a-Si:H cell with 
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periodic 2-D sinusoidal texture (P = 500 nm and h = 300 nm) and III – a-Si:H/µc-Si:H 
(micromorph) cell of the same 2-D sinusoidal texture. The amorphous absorbers were of di = 
250 nm and the microcrystalline of di = 1.2 µm. The absorptance in the intrinsic layer is 
regarded as the EQE of the cell in the simulation, which is close to the realistic case [75]. 
Therefore, the exploited part of the available light is depicted in orange in Fig. 8. The Table 1.1 
shows the short-circuit current density (JSC) and the remaining potentially available current 
density, which is lost in supportive layers (JSL) and due to reflection (JR). 
 
 JSC [mA/cm2] JSL [mA/cm2] JR [mA/cm2] 
I – flat a-Si:H solar cell 11.32 1.56 30.43 
II – textured a-Si:H cell 16.07 5.21 22.03 










Table  1.1: Short-circuit current density (JSC), potentially available current 
density lost in supportive layers (JSL) and due to reflection (JR) under 
AM 1.5G illumination. 
 
  








Figure  1.8: Absorptance and reflectance for: I – flat a-Si:H solar cell, II –
sinusoidally textured a-Si:H cell (P = 500 nm, h = 300 nm), III –
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 While EQE (absorptance in i-a-Si:H) and reflectance (RTOT) could also be measured for 
a real device, the ratio of the light lost in distinct supportive layers (TCOs, p, n, back reflector) 
can only be accessed via modelling and simulation. Therefore, modelling and simulation 
present an important tool for study and minimisation of the losses in the supportive layers.  
 The introduction of the texture (from I to II) influences the cell in several ways. First of 
all, reflection losses (RTOT, JR) are reduced either due to anti-reflective properties of the nano-
textures at front interfaces or due to longer path of the photons through the cell (due to 
scattering) and consequently their absorption. Therefore, absorption within the active layer (i-
a-Si:H), but also within the supportive layers is increased. Comparing to the flat cell, simple 
introduction of (unoptimised) texture has provided increase of JSC of 42%. Optical modelling 
is a great tool for study and optimisation of scattering features in thin-film solar cells, which 
has been extensively researched recently and is also a part of this dissertation. 
 Although addition of the second µc-Si:H cell (from II to III) results in lower JSC of the 
whole device (limited by the lowest JSC of the individual cells), the VOC of the series connected 
cells is increased, resulting in increased efficiency of the device. Varying of the absorber 
thicknesses or introduction of an intermediate reflector (TCO material) can help to distribute 
absorption between the cells to achieve current matching of the device and increase the 
efficiency. Therefore, optical modelling is also a significant tool for optimisation of multi-
junction devices, which can even combine different technologies. 
 
1.7 Aims of the doctoral dissertation 
 The main topic of the dissertation covers development and application of accurate 
optical models for thin-film solar cells with nano-textured interfaces, development of strategies 
and concepts of novel nano-textures, outperforming the existing state-of-the-art ones. The study 
is mainly focused on thin-film silicon solar cells, but the concepts can be applied also to other 
types of (thin-film) solar cells (e.g. organic, perovskite cells) and even other optoelectronic 
devices. 
 In research and development of optical concepts in thin-film solar cells, besides 
intensive experimental work, 1-D [38–40] or 2-D [29,32] optical simulations have been 
typically used. While these simulations give important information about propagation of light 
through the solar cell, their use commonly introduces approximation into the optical models 
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and into the results. This is why the increase of computational power of modern computers in 
the past years was of great importance, since nowadays fully 3-D optical simulations became a 
viable option [13,47,78]. Now effects of fully 3-D features (textures and particles) can be 
accurately modelled and tested via simulations. Therefore this dissertation will focus on and 
exploit this new given power of modelling and perform simulations in 3-D space.  
 The main part of this dissertation comprises three published scientific papers and one 
manuscript addressing these topics. The aims of individual contributions are presented in the 
following subsections. 
1.7.1 Bottom-up an top down approach for optimisation of nano-textured interfaces  
 Introducing periodic textures to the interfaces of solar cells shows great potential for 
efficient light scattering. In order to achieve high conversion efficiencies of solar cells, these 
textures must be of proper size and shape. Therefore, systematic optimisation (bottom-up) of 
periodic substrate textures by means of rigorous 3-D optical modelling is tackled. Initially, 
optimisation of horizontal and vertical dimensions of simple sinusoidal textures is carried out, 
since previous 2-D simulations revealed high potential for improved light trapping [27,41,42]. 
In the next step, obtained optimal textures were altered in shape as well, to determine the 
characteristics of the textures bringing even higher improvements to the conversion efficiency 
of the thin-film silicon solar cells. Results of such optimisation are presented in the first part of 
the paper entitled: The two approaches of surface-texture optimization in thin-film silicon solar 
cells, included in the section 2.1 [43]. In the light of the prediction of defective regions, (see 
section 1.7.3) additional analysis was carried out in the second part of a paper entitled: 
Prediction of defective regions in optimisation of surface textures in thin-film silicon solar cells 
using combined model of layer growth. The paper is included in the chapter 2.3 [44]. 
 Currently, randomly textured substrates are most commonly used as scatterers in thin-
film solar cell, since they show very good optical properties in a wide wavelength range, but 
still leave room for improvement. Modification of already good scatterers could result in even 
higher generation of the photocurrent in a solar cell. Previous modifications of such textures 
have shown that enhancements of absorption inside solar cells can be achieved [50]. Fourier 
transforms of randomly textured surfaces show relatively wide and full spectra of frequency 
components, where likely not all components are beneficial. In this approach, systematic 
reduction of these components is done (top-down) in order to exceed scattering properties of 
the initial surfaces and bring greater improvements in conversion efficiency of the thin-film 
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silicon solar cells. The study of the improvements in the photocurrent is done by means of 
optical modelling. The optimisation is presented in the second part of the paper: The two 
approaches of surface-texture optimization in thin-film silicon solar cells, included in the 
section 2.1 [43]. 
1.7.2 Model of realistic growth of thin-layers on nano-textured substrates 
 Deposition of a thin-film solar cell on nano-textured substrates or superstrates partly 
translates the initial texture onto the interfaces within the solar cells. In optical modelling, the 
approximation has often been, that these surfaces transform conformably [28,31–33,46,47], 
with no change in the texture. Cross-sectional images of real solar cells show that this is mostly 
not the case [48,50,49]. Textures on top of the subsequently deposited layers are typically much 
smoother. In order to accurately simulate the optical effects occurring within surface-textured 
solar cells and predict generated JSC, this must be considered. Some new methods of considering 
this effect have already been developed, addressing the problem of growth specifically (e.g. for 
microcrystalline layer [51]) or in general [34,52]. These solutions, however, lack the generality 
or simplicity for use in optical simulations. Therefore, our aim was to develop a new model that 
would enable prediction of the change in the morphology of the interfaces, when arbitrary 
deposition technique and material of the layer is used, but would be simple enough for seamless 
implementation into optical modelling and simulations. This appears to be a crucial step in 
order to achieve accurate optical simulations of thin-film solar cells. The model is presented in 
the paper entitled: Combined model of non-conformal layer growth for accurate optical 
simulation of thin-film silicon solar cells, which is included in chapter 2.2 [53]. Nevertheless, 
growth-model is also applied in the study of top-down and bottom-up approaches in the section 
2.1 [43].  
1.7.3 Prediction of defective layers formation within layers of thin-film solar cells 
 The model of non-conformal growth was furthermore upgraded and used to study the 
influence of the initial texture shape on the occurrence of interface textures with sharp V-like 
valleys, which are the main cause for formation of defective regions (a.k.a. cracks) within solar 
cell [79]. Since these deteriorate electrical properties of the solar cells (VOC, FF) [51] it is 
important to avoid or dismiss such textures in the phase of modelling. This presents an 
important aspect of modelling which has typically been neglected, while crucially influencing 
the efficiency of the device. The methodology of detection of the defective regions and texture 
optimisation considering this aspect is presented in the paper entitled: Prediction of defective 
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regions in optimisation of surface textures in thin-film silicon solar cells using combined model 
of layer growth. The paper is included in the chapter 2.3 [44]. 
1.7.4 Model of light scattering above optical structures 
 Optoelectronic devices are often characterised by angular distribution (ADF) of radiated 
light or light that is scattered on internal interfaces. Study of ADF can improve our 
understanding of the phenomena occurring within the device and give us valuable information 
on beneficial changes in design. While ADF can be measured using ARS systems [54–56] these 
measurements are mostly limited to observation in air and in far-field region. Modelling of ADF 
directly from material and structural properties of the device is therefore of interest, since it can 
provide data that is otherwise hard or even impossible to measure. Furthermore, ADF 
calculation can be used in combination with fast 1-D modelling to obtain a relatively accurate 
solutions in much shorter times [38,40,57] than with the more precise 3-D models. A model 
that enables such calculations was developed and is presented in the manuscript entitled: 
Rigorous modelling of light scattering in solar cells based on coupling the finite element method 
and Huygens’ expansion, provided in the section 2.4.  
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 3. Conclusion 
3.1 General conclusions 
 Optical modelling is an important tool for optimisation of thin-film silicon solar cell 
devices. It provide a crucial insight into optical processes that occur within solar cells and give 
access to otherwise unmeasurable quantities. All this can help indicate changes that are needed 
to further improve efficiency of the devices. 
 In the first part of the dissertation, fully 3-D optical modelling and simulations were 
used in order to study and optimise surface texturing of the substrates/superstrates of thin-film 
silicon solar cells with objective to improve the generated photocurrent and bring up the 
efficiency. Systematic optimisation was performed in two ways; (i) from simple sinusoidal 
periodic texture towards more complex, periodic textures – bottom-up approach, (ii) from 
randomly textured surfaces with already relatively good optical properties towards textures with 
fewer components in amplitude spectrum of Fourier transform – top-down approach. Both of 
the approaches generated textures that are exhibiting increased photocurrent in comparison to 
the state-of-the-art textures. 
 In optical simulations, ideal transfer of substrate/superstrate textures onto the 
subsequent interfaces during the deposition is often assumed, while this is not the case in 
general. Model of realistic non-conformal growth of layers within the cell was therefore 
developed, to be able to predict the changes in the interface morphologies for arbitrary shape 
of the texture, which occurs during the deposition. The model significantly improves accuracy 
of the simulation, while it is still simple enough for seamless integration into 3-D optical 
models. 
 Furthermore, the model of non-conformal layer growth was used to predict occurrence 
of defective regions within layers of thin-film solar cells deposited on textured substrates. For 
this reason, the textures leading to such defects and consequently deteriorated electrical 
properties of the device can be omitted in the phase of design and optical optimisation, rather 
than in the stage of experimental trials. This is an important aspect of optimisation, which has 
previously been neglected. Optimal textures not containing defective regions are furthermore 
optimised for their optical properties. 
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 Finally, model for calculation of light scattering on optical structures has been 
developed. The model enables calculation of light distribution function at arbitrary distance 
from near-field to far-field region. Besides the angular distribution, other spatial distribution of 
light can be calculated as well. Furthermore, the model also provides information about 
reflective properties of the structures (transmittance, reflectance, haze). A method for the small-
sample effect correction is proposed as well. 
3.2 Outlook 
 In the scope of this work, tools for advanced optical modelling were developed and 
different approaches for optimisation of thin-film silicon solar cells were presented. Although 
some optimised textures are proposed here, further tuning is needed in closed loop with 
experiments in order to achieve highly efficient devices surpassing the state-of-the-art 
solutions. Further research is also needed to establish detailed correlation between the extent of 
the defective regions and the electrical properties of the thin-film silicon solar cells. Besides 
continually improving and developing the tools for optical simulations, important future 
challenge is to pair 3-D optical and electrical simulations into one complete system. Finally, 
such a platform might even enable full consideration of electrical properties of the defective 
regions, forming a rather universal optimisation approach. 
 Although approaches shown here were devised for optimisation of thin-film silicon solar 
cells, they are useful for study of other devices as well. Modelling of non-conformal layer 
growth is relevant in all processes utilising different deposition procedures on textured surfaces. 
Modelling of defective regions offers an important insight when high quality of deposited layers 
is desired. Determination of (angular) distribution of light intensity is essential for variety of 
optoelectronic devices, reflecting surfaces, lenses etc. 
  Although serial production of thin-film silicon solar cells is currently having a hard time, 
the technology presents an important platform for testing new concepts. With the inevitable 
eventual depletion of the fossil fuels and with the trend of withdrawing from the nuclear power, 
solar cell technology will become more and more important source of the energy. Thin-film 
silicon solar cell technology offers huge potential for BIPV, which makes it one of the most 
suiting renewable technologies for localised energy production, hinting at a potential rebirth in 
the future. 
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3.3 Summary of original scientific contributions 
 
 A combined model for determination of realistic layer growth for thin-films at 
nano-textured substrates. 
 
 A method for prediction of defective region occurrence within thin-film solar cells 
deposited onto nano-textured substrates. 
 
 An optical model for calculation of light intensity distribution of scattered light 
on optical structures. 
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